Abstract. Shensong Yangxin capsules (SSYX) are an effective traditional Chinese medicine that has been used to treat coronary heart disease clinically. The present study aimed to establish whether SSYX prevent ischemic arrhythmias in rats, and to explore the underlying mechanisms. Male rats were pretreated with distilled water, SSYX and amiodarone for one week. Acute myocardial ischemia (AMI) was performed to induce ischemic arrhythmias. The incidence and severity of ischemic arrhythmias were evaluated. The action potential, transient outward K + current (I to ) and inward rectifier K + current (I K1 ) of rat cardiomyocytes were measured using the patch-clamp technique. The intracellular Ca 2+ concentration of the cardiomyocytes was measured using a laser scanning confocal microscope. The results revealed that SSYX lowered the incidence of arrhythmia markedly during AMI. Furthermore, SSYX delayed the appearance, and reduced the severity, of ischemic arrhythmias compared with the control. In addition, SSYX markedly decreased the ratio of the myocardial infarction region to the whole heart. In an in vitro study, SSYX prolonged the action potential duration of rat cardiomyocytes, and inhibited I to and I K1 markedly. Additionally, SSYX inhibited Ca 2+ elevation induced by KCl in cardiomyocytes. These results suggested that SSYX prevents ischemic arrhythmia, and the underlying mechanism responsible for this process may include prolonging the action potential and alleviating Ca 2+ overload.
Introduction
Despite numerous previous advances in the treatment of cardiovascular disease, sudden cardiac death caused by ischemic arrhythmias remains a major reason of mortality worldwide (1) . Numerous intensive studies have been conducted on researching and developing drugs to treat arrhythmias over the course of the last few past decades, and only a few of them have assisted in enabling patients to live longer whereas, in effect, the majority of them may have led to mortality due to their proarrhythmic potentials (2) . The underlying disease causing ischemic arrhythmias is usually atherosclerotic coronary artery disease, which narrows or occludes the coronary artery and induces myocardial ischemia and infarction (3) . A previous study has shown that various mechanisms trigger ischemic arrhythmias during myocardial ischemia, including reconstruction of the cardiac sympathetic nerve, alterations of the transmembrane ion current and intracellular Ca 2+ ([Ca 2+ ] i ) dysregulation (4) . Myocardial ischemia affects the electrophysiological properties of the cardiac cells, inducing the generation and conduction of abnormal impulses, reducing the fibrillation threshold and initiating ectopic impulses. These ectopic beats cause abnormal current flow across the boundary between ischemic and non-ischemic myocardium (5) . In addition, Ca 2+ overload during the myocardial ischemia diastolic period causes afterdepolarizations and aftercontractions, which are the primary causes of electrical instability (6) . Changes in the resting potential and the inward and outward currents of the action potentials lead to alterations in conduction, refractoriness and automaticity, all of which contribute to the occurrence of ischemic arrhythmias.
Traditional Chinese medicines (TCMs) have been extensively used to treat arrhythmias due to their stable curative effects and low toxicity. In addition, TCMs mediate their effects via different pathways and multiple targets simultaneously, due to their various components. Shensong Yangxin capsules (SSYX) are clinically used to treat coronary heart disease (7) . The bioactive components of SSYX include sodium danshensu, chlorogenic acid, paeoniflorin, spinosin, salvianolic acid B, berberine hydrochloride, gensenoside (8, 9) . Several studies demonstrated that SSYX inhibited multiple ion channels in cardiac cells, including the potassium/sodium hyperpolarization-activated cyclic nucleotide-gated channel 4 (HCN4) and L-type calcium channel, which may affect the electrical activity of myocardial cells and contribute to their antiarrhythmic effects (10) (11) (12) . The present study aimed to establish whether SSYX prevents ischemic arrhythmias, and to explore the underlying mechanisms.
Materials and methods
Establishment of ischemic arrhythmias. SSYX (cat. no. Z20030058; Yiling Phamaceutical Co., Ltd., Shijiazhuang, China) and amiodarone (cat. no. P20080122150958640; Harvest Pharmaceutical Co., Ltd., Shanghai, China) were dissolved in distilled water and administered to rats (13) . Amiodarone was used for the purposes of comparison. All experiments were approved by the ethics committee of Harbin Medical University, and the health guide for the use of experimental animals of the National Institutes was observed. Sprague-Dawley rats (male; 180±20 g; 6-8 weeks) were purchased from the Animal Center of the Second Affiliated Hospital of Harbin Medical University (certificate no. SCXK (Ha) 2012-010). The animals were housed under standard laboratory conditions (temperature, 20-22˚C; humidity, 40-70%; 12 h/12 h day-night cycle) and divided into four groups at random: Sham (n=8) rats had the chest opened without ligating the coronary artery; for the control (n=8) rats, distilled water was administered intragastrically once a day for 7 days prior to ligation of the coronary artery; for the SSYX (n=8) rats, a suspension of SSYX (1.8 g/kg) was administered to rats once a day for 7 days intragastrically prior to ligation of the coronary artery; and for the amiodarone (n=8) rats, a suspension of amiodarone (0.12 g/kg) was administered intragastrically once a day for 7 days prior to ligation of the coronary artery. Ischemic arrhythmias induced by acute myocardial ischemia (AMI) were performed as previously described (14, 15) . At 1 h following the final administration of the respective drugs, rats were anesthetized with 3% sodium pentobarbital (0.12 ml/100 g), and the left anterior descending branch of the coronary artery was subsequently ligated. Electrocardiograms and the heart rate were monitored using the BL-420F Data Acquisition and Analysis system (TME Technology Co., Ltd, Chengdu, China). Evident S-T elevation, as shown in the electrocardiogram, and a darkened myocardium under the ligature indicated that the AMI model had been successfully constructed. The incidence and onset of arrhythmias were monitored on the electrocardiogram. The arrhythmia score was calculated to assess the severity of arrhythmias, according to Lambeth Conventions (16) . The infarct region was measured by Evans Blue (Sigma-Aldrich, St Louis, USA) staining and 2,3,5-triphenyltetrazolium chloride (Sigma, St Louis, USA) staining after ligation for 6 h. The area dyed grey was defined as the infarction area, whereas the red coloration indicated ischemic tissue, and blue indicated the presence of normal myocardium (17) . The infarction area of each heart was cut and weighed to calculate the ratio of the myocardial infarction region to the whole heart.
Whole-cell patch-clamp recording Serum preparation. Serum containing SSYX was prepared according to a previously described method (18) . Distilled water and suspensions of SSYX were administered to rats by gavage (1.8 g/kg) once a day for 7 days. At 2 h following the final administration, the blood was collected from the abdominal aorta of rats and maintained for 1 h at 25˚C. Subsequently, the blood was centrifuged at 3,000 x g for 10 min to separate the serum. The serum was then centrifuged at 3,000 x g for 30 min in a 3 kDa tube (Millipore Corp., Billerica, MA, USA) to remove proteins. The filtrate was dried into serum powder sing a pressure blowing concentrator (TTL-DCI model; Beijing Tongtailian Science and Technology Development Co., Ltd., Beijing, China). Subsequently, serum samples of the control and SSYX rats were subjected to high-pressure liquid chromatography (HPLC) analysis. The analysis was performed with a 5C18-MS-II packed column (model 38020-41; 250x4.6 mm; 5 µm; Cosmosil, Tokyo, Japan) maintained at 30˚C under isocratic flow conditions. The mobile phase was 80% methanol, and the flow rate was 1 ml/min. SSYX serum was monitored at 254 nm and identified using the LC-20A HPLC system of Shimadzu (Shimadzu, Tokyo, Japan).
Separation and isolation of cardiomyocytes.
Cardiomyocytes were isolated from the rat hearts by enzymatic dissociation (19) . Hearts were taken out from the chest of the rats following anesthetization with sodium pentobarbital, and reversely perfused through the aorta using a modified Langendorff perfusion system with Ca 2+ (-) Tyrode's solution containing (in mM): NaCl, 126.0; KCl, 5.4; MgCl 2 , 1; NaH 2 PO 4 , 0.33; glucose, 10 and Hepes, 10, at pH 7.4 for 5 min. Ca 2+ (-) Tyrode's solution was oxygenated and maintained at 37˚C prior to the experiment. Subsequently, perfusate containing 160 mg/l collagenase II (Wako, Osaka, Japan) and 160 mg/l bovine serum albumin (Sigma-Aldrich) was used to digest myocardium continuously for ~20 min. After the heart had become soft and light, the left ventricular tissues were cut up and agitated gently in a test tube. Isolated single cardiomyocytes were stored in preservation solution containing (in mM): glutamic acid, 70; taurine, 15; KCl, 30; KH 2 PO 4 , 10; MgCl 2 , 0.5; ethylene glycol-O-O´-bis(2-amino-ethyl)-N,N,N´, N´-tetraacetic acid (EGTA), 0.5; Hepes, 10; and glucose, 10, at pH 7.4 and at room temperature for later use.
Measurement of the action potential, transient outward K + current (I to ) and inward rectifier K + current (I K1
). Blank and SSYX sera were dissolved in 20% Ca 2+ Tyrode's solution. The action potential duration (APD), I to and I K1 in rat cardiomyocytes were recorded using the patch-clamp technique (20) (21) (22) . Cells were placed in Ca 2+ Tyrode's solution in the chamber at room temperature. Borosilicate glass electrodes (Huaxi Medical University Instrument Factory, Chengdu, China) with a tip resistance of 2~4 MΩ were filled with the pipette solution containing (in mM): KCl, 20; potassium aspartate, 110; MgCl 2 , 1.0; Hepes, 5; EGTA, 10; and Na 2 ATP, 5 at pH 7.4. Action potentials were elicited using the current-clamp mode. Cardiomyocytes were electrically stimulated by applying an intracellular depolarizing stimulus (-5 ms duration and 900 pA amplitude) via a digital pulse generator (DD1550A; Axon Instruments, Inc., Foster City, CA, USA). I to and I K1 were recorded using the voltage-clamp mode. I to was evoked by applying 600 ms pulses with the holding potential of -40 mV, and the test potentials increased from -40 to +50 mV with a step size of 10 mV. I K1 was evoked by applying a holding potential of -40 mV and 500 ms depolarization. The test potentials increased from -120 to +50 mV with a step size of 10 mV. Transmembrane potentials and ion currents were recorded in the whole-cell recording mode using an Axopatch™ 200B amplifier (Molecular Devices, LLC, Sunnyvale, CA, USA), and processed using pCLAMP 9.0 software (Axon Instruments, Inc.). ] i was determined according to the changes of fluorescence intensity prior to and following drug administration (23) . The effect of SSYX on [Ca 2+ ] i was also studied in cardiomyocytes stimulated with 30 mM KCl. Changes in fluorescence were monitored using a laser scanning confocal microscope (Olympus FV-1000; Olympus Optical Co., Ltd, Tokyo, Japan). The excitation wavelength was set at 488 nm and the emission wavelength was set at 530 nm. Qualitative changes of [Ca 2+ ] i were indicated as F max /F 0 .
Measurement of [

Statistical analysis.
Values are expressed as the mean ± standard error of the mean and analyzed using a two-tailed paired t-test to examine the individual apparent differences. 
Results
SSYX prevents ischemic arrhythmias.
Electrocardiogram and heart rate were continuously recorded for 30 min following ligating coronary artery. Electrocardiograms of rats prior to and following ligation are shown in Fig. 1 . SSYX and amiodarone significantly reduced the incidence of ventricular tachycardia (VT) and ventricular fibrillation (VF), and delayed the onset of arrhythmias compared with the control ( Fig. 2A and B) . The severity of ischemic arrhythmias is shown as an arrhythmia score, according to Lambeth Conventions. The arrhythmia score of the control group was significantly higher compared with the sham group (P<0.01). SSYX and amiodarone reduced the arrhythmia scores of AMI rats compared with the control (Fig. 2C ). In addition, SSYX and amiodarone decreased the ratio of the myocardial infarction region to the whole heart (Fig. 2D ). All these results indicated that SSYX were able to prevent ischemic arrhythmias.
SSYX prolongs the action potential of rat ventricular myocytes. Myocardial action potentials reflect the process of cardiac depolarization and repolarization. The effect of SSYX on myocardial action potentials was evaluated in rat cardiomyocytes using a serum pharmacological method and the patch-clamp technique. Differences in blank and SSYX serum were then analyzed using HPLC. The results demonstrated that SSYX serum had two significant absorption peaks, which were different from blank serum, suggesting that serum powder containing SSYX had been successfully prepared (Fig. 3) (Fig. 4) . These results indicated that SSYX was able to extend the action potentials and slow down cardiac repolarization in rapid arrhythmias.
SSYX inhibits I K1 and I to in rat ventricular myocytes. I to and I K1 are involved in cardiac repolarization, and are associated with cardiac excitability and arrhythmogenesis (24) . In this study, the effects of SSYX on I K1 and I to current were recorded. Fig. 5A and B show the voltage-dependent I K1 current in the presence of blank or SSYX serum (holding potential -40 mV, depolarization pulses 500 ms, test potential increased from -120 to +50 mV, step amplitude 10 mV; Fig. 5C ). The current-voltage (I-V) curve revealed that SSYX significantly reduced the density of I K1 . The peak amplitude of I K1 was decreased from -25.04±2.14 to -15.30±2.05 (P<0.05; Fig. 5D and E). Fig. 6A and B show the voltage-dependent I to current in the presence of blank or SSYX serum (holding potential -40 mV, 600 ms depolarization pulse, test potential increased from -40 to +50 mV, step amplitude 10 mV; Fig. 6C ). The I-V association for I to indicated that SSYX significantly reduced the density of I to (Fig. 6D) . The peak amplitude of I to was decreased from 22.21±2.04 to 16.30±3.00 (P<0.05; Fig. 6E ).
SSYX inhibits Ca
2+ overload in rat cardiomyocytes. The effects of SSYX on Ca 2+ regulation were further investigated in rat cardiomyocytes loaded with the calcium indicator, Fluo-3/AM. The results demonstrated that the ratio of F max /F 0 was increased 1.23±0.19 times following the addition of SSYX serum and 1.16±0.16 times after adding blank serum (Fig. 7A) . SSYX did not increase the area under the fluorescence intensity curve and the peak fluorescence intensity compared with the control (Fig. 7B and C) . Following stimulation with 30 mM KCl, the F max /F 0 was increased 2.19±0.37 times in ventricular myocytes pretreated with SSYX serum, and 3.32±0.27 times in the control (Fig. 7D) . SSYX significantly decreased the area under the fluorescence intensity curve and peak fluorescence intensity compared with the control (Fig. 7E and F) . In addition, SSYX decreased the baseline fluorescent intensity compared with the control.
Discussion
Ventricular arrhythmia remains one of the predominant causes of sudden cardiac death. Prevention and treatment of ventricular arrhythmia are continuing challenges in the medical field. With the increasing incidence of cardiovascular disease, TCMs are becoming more frequently used in China and Western countries due to their preferable efficacies, multiple components and therapeutic targets and safety (25) . Clinical studies have shown that SSYX effectively improved 
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heart palpitations, chest tightness, shortness of breath, insomnia and fatigue; these studies also indicated that SSYX effectively suppressed paroxysmal atrial fibrillation and frequent premature ventricular contractions (26) (27) (28) . The findings of the present study have corroborated that SSYX prevents ischemic arrhythmias, and that this effect was associated with prolonging cardiac action potentials and reducing the Ca 2+ overload.
Myocardial ischemia and anoxia disturb cardiac conduction, accelerate cardiac repolarization and cause early afterdepolarization (EAD), which are the primary causes of ischemic arrhythmias (3) . Factors, including the heart rate, heart size, size of ischemic area and arrhythmia score, are able to be used to determine the incidence and severity of ischemic arrhythmias. The results in the present study demonstrated that SSYX reduced the incidence of VT and VF, and markedly decreased the arrhythmia scores of AMI rats, indicating that SSYX suppresses ischemic arrhythmias to a certain extent. In addition, SSYX decreased the myocardial infarction area, which contributes towards protection of the myocardium and, ultimately, the reduction in the onset and severity of arrhythmias. The effect of SSYX on ameliorating myocardial ischemia damage could partially reverse left ventricular remodeling, reduce ischemic injury and prevent myocardial apoptosis. The heartbeat is automatically initiated by electrical activity of cardiomyocytes at regular intervals. This process includes the formation of an action potential in a single cardiomyocyte and the spread of the action potential through the myocardium. An action potential reflects the processes of cardiac depolariza- tion and repolarization; it is based on the collaborative function of inward and outward currents through the ion channels of the cell membrane (29) . Action potentials shorten rapidly during the first 2 min of AMI on account of the combined effects of components of the ischemic environment, including elevated extracellular K + , hypoxia, a low pH, high partial pressure of carbon dioxide (pCO 2 ) and the accumulation of substances, such as catecholamines, resulting from the deprivation of blood flow. Each may exert an influence on membrane conductance (30, 31) . Despite the electrophysiological mechanisms, cardiac re-entry has been regarded as an important mechanism causing malignant arrhythmias. In the present study, SSYX was shown to significantly prolong action potentials and slow cardiac repolarization. An appropriate extension of the action potential is conducive to increasing the refractory period and reducing myocardial excitability and re-entry (32) . Therefore, the results of the present study suggested that SSYX altered the myocardial refractoriness and conductivity, and exerted a therapeutic effect on ischemic arrhythmias.
A moderate decrease in the resting potential from its normal value of -90 to -80 mV increases conduction velocity during AMI. A predominant cause of the decreased resting potential of ischemic cells is the elevated extracellular K + and intracellular Ca 2+ , which result from a lack of blood flow. Ischemia and hypoxia interfere with ion channels, and predispose individuals to a disturbed cardiac rhythm (33) . Cardiac K + channels determine the morphology of myocardial action potentials and the resting potential. I K1 is a strong inward rectification current, which stabilizes the membrane potential and is involved in the third period of action potential repolarization. I to is the primary outward current of the cardiac rapid repolarization. Following depolarization, the inward sodium current (I Na ) becomes inactivated, and I to initiates the rapid repolarization of the action potentials (34) (35) (36) . Therefore, I K1 and I to are both involved in cardiac repolarization, and are associated with cardiac excitability and arrhythmogenesis. In the present study, SSYX significantly decreased the densities of I to , suppressed the first period of action potential repolarization and contributed to a prolongation of the myocardial action potential. Furthermore, inhibition of I to reduced the high irregularity of ischemic myocardial repolarization and the formation of re-entrant excitability, which helped to suppress re-entry and avoid the induction of Torsades de Pointes. Similarly, SSYX inhibited the inward current of I K1 significantly without affecting its reversal potential and rectification properties. This inhibitory effect was conductive to automatically eliminating the fourth period of action potential depolarization and inhibiting delayed afterdepolarization (DAD Traditional pharmacology for TCM involves directly exposing cells, tissues or organs to the crude drug. However, due to the complexities of drug absorption and metabolism associated with TCM, the efficacy of the drug in its crude form may not be as good as the active ingredients after in vivo metabolism of the drug. Therefore, serum pharmacology for TCM was adopted in the present study. Serum pharmacology facilitates the direct application of active ingredients after the in vivo metabolism of the TCM, and utilizes cytological and molecular biological methods, thereby providing a conjunction of modern scientific technology and TCM research. In addition, observing and analyzing the processes of absorption and metabolism of drugs is beneficial in terms of eliminating the influence of various interference factors that are associated with in vitro experiments. Incubating myocytes with serum containing SSYX also corroborated previous findings on the efficacy of SSYX identified by means of in vivo and in vitro experiments. Serum pharmacology thus provides a novel approach for developing antiarrhythmic TCMs.
In conclusion, SSYX effectively prevents ischemic arrhythmias. In addition, SSYX is potent in extending action potentials and in inhibiting I to and I K1 , thereby decreasing myocardial autorhythmicity and re-entrant excitability. Furthermore, SSYX alleviated myocardial Ca 2+ overload, which contributes towards an elimination of DADs and a reduction in ultrastructural injuries of the myocardium. Therefore, SSYX may be used as an effective drug to treat ischemic arrhythmias.
